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Abstract 

In this work, the normaHzed time auto-correlation function of the electric field 

^ ■ of the light 5*^^-' (r) that is scattered by the two kinds of particles in dispersion is 

Q^, investigated. The results show that the logarithm of g^^^ (r) can be consistent with 

a line and many reasons can cause the deviations between an exponentiality and 

f,< plots of g^^^ (r) as a function of delay time r. The nonexponentiality of g^^-* (t) is 

,S^ ' not only determined by the particle size distribution and scattering angle but also 

. ■ greatly influenced by the relationship between the concentrations, mass densities 

^ , and the values that the refractive index of the material expands as a function of the 

c/3 ' concentration of the two kinds of particles. 

^\ 1 INTRODUCTION 

^ , For colloidal dispersion systems, light scattering is a widely used technique to measure 



l> 



C^ 



the sizes of particles. The dynamic light scattering (DLS) technique is to measure the 



CN . particle sizes from the normalized time auto-correlation function of the scattered light 

f^ . g^"^' (r). The cumulants [1-4] has been used as a standard method to obtain the ploy- 

^O , dispersity of particles from the DLS data. In general, when the DLS data are analyzed, 

■^ . the size distribution of particles is considered as a mono-disperse distribution if the 

y . logarithm of the normalized time auto-correlation function of the electric field of the 

►^.^. light g^^' (r) is consistent with a line. The poly-dispersity of the particles is obtained 

>-Q . from the deviation between an exponentiality and ^f'^-* (r). 

)> I' 

In the previous work [5,6], for the particles that the number distribution is Gaus- 

, . ■ sian, it has been discussed that the nonexponentiality of g^'^' (r) is determined by the 

}_j ■ particle size distribution and scattering angle. In general, the effects of the particle size 

distribution are small on the deviation between an exponentiality and (7'^' (r) and very 

large on the initial slope of the logarithm of g^"^' (r) and the effects of the scattering 

angle are determined by the particle size distribution and mean particle size. Under 

some conditions, the nonexponentiality of g^"^' (r) is greatly influenced by the scattering 

angle. 
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In this work, the normalized time auto-correlation function of the electric field of the 
light g^^' (r) that is scattered by two kinds of particles in dispersion is investigated. The 
results show that the logarithm of g^^' (r) can be consistent with a line and many reasons 
can cause the deviations between an exponentiality and plots of g^^' (r) as a function of 
delay time r. The nonexponentiality of g^^' (r) is not only determined by the particle 
size distribution and scattering angle but also greatly influenced by the relationship 
between the concentrations, mass densities and the values that the refractive index of 
the material expands as a function of the concentration of the two kinds of particles in 
dispersion. 

2 THEORY 

For the two kinds of dilute poly-disperse homogeneous spherical particles in dispersion 
where the Rayleigh-Gans-Debye approximation is valid, the total normalized time auto- 
correlation function of the electric field of the scattered light g^^' (r) can be written 
as 

(1) 9? (r) + ^g^2^ (r) 

Utotal \T^) — , , 7,2 ' y'^) 

1 + ff 

where Igi, Is2, di {t) and (72 (t) can be obtained as [7] 
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here t? is the angle between the polarization of the incident electric field and the propa- 
gation direction of the scattered field, c is the mass concentration of particles, r is the 
distance between the scattering particle and the point of the intensity measurement, 
p is the density of the particles, Imc is the incident light intensity, Ig is the intensity 
of the scattered light that reaches the detector, Rg is the static radius of a particle, 
q = -j-'f^s sin 2 is the scattering vector, A is the wavelength of the incident light in vacuo, 
Ug is the solvent refractive index, 6 is the scattering angle, P {q, Rg) is the form factor 
of homogeneous spherical particles 

9 2 

P {q, Rg) = -g-g (sin (qRg) - qRg cos (qRg)) (6) 

(J JXn 



and G {Rs) is the number distribution of particle sizes. In this work, the number distri- 
bution is chosen as a Gaussian distribution 

G {Rs; {Rs) , a) = -i= exp [ -^ ( ^^' y^^' ) ), (7) 




where {Rg) is the mean static radius and a is the standard deviation, 
Prom the Einstein-Stokes relation, the diffusion D can be written as 

QTTrjQRh 
where rjQ, ks, T and R^ are the viscosity of the solvent, Boltzmann's constant, absolute 
temperature and hydrodynamic radius, respectively. The subscripts 1 and 2 show the 
kinds of the particles in dispersion. 

When g — > 0, the Z-average diffusion coefficient {D)^ can be written as 
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where a = ^- — -^ 

3 RESULTS AND DISCUSSION 

In the previous work [7, 8] , it was shown that the expected values of the DLS data 
calculated based on the commercial and static particle size information are consistent 
with the experimental data. In order to investigate the effects of the mixture of two 
kinds of particles on the deviation between an exponentiality and g^^' (r) accurately, the 
values oi g^^> (r) were produced directly using Eqs. ^0] and El respectively. 

The values oi g\ (r), g\ (r) and g^Ji^i (t) were produced using the information: the 
temperature T, viscosity of the solvent t^q, wavelength of laser light A, refractive index 
of the water n^ and constant Rh/Rg were set to 300. 49K, 0.8479 mPa-S, 632.8 nm, 1.332 
and 1.1, scattering angle 6 was chosen as 30° and 90°, mean static radius {Rs) was set 
to 20 nm, 40 nm, 120 nm and 200 nm and standard deviation a was 5% or 20% of the 
mean static radius, respectively. 

First investigating the simple situation that the two kinds of particles have same 
c, p and (^)^^o or a = 1. The values of In (5!^^ (r)) , In [g^^^ (r)) and In (^Jl, (r)) 
produced using {Rg) and a 20 nm, 1 nm and 40 nm, 2 nm are shown in Figs, la and 
lb for scattering angles 30° and 90°, respectively. Both the results show that the plots 
of In ( g\J^fj^i (t) ) as a function of delay time r are consistent with a line respectively and 
the mixture of the two kinds of particles with the narrow size distributions investigated 



do not causes the nonexponentiality of g^^lg^i (t) at the scattering angles investigated. 
Figure 1 also reveals that the values of g^J^i (r) almost are determined by the kind 
of particles with the larger mean static radius. It agrees with the fact that most of 
scattered light comes from the kind of particles with the larger mean static radius under 
the condition a = 1. 

In general, the values of concentration c, mass density p and the refractive index 
of the material expands as a function of the concentration (■^) _ are different when 
the two kinds of particles are mixed. The values of In I g^^l^i (t) 1 thus were calculated 
under the conditions a = 5, 10, respectively. In order to investigate the effects of a on 
In ( g^^l^i (t) J , the results for a = 1, 5 and 10 are shown in Figs. 2a and 2b for scattering 
angles 30° and 90°, respectively. The results reveal that the larger the value of a, the 
larger the deviations between a line and plots of In ( g]-^l^i (t) I as a function of delay time 

T. Comparing to Fig. 1, the values of In [gl^l^i (t) I obviously affected by the relative 
scattered light intensity or c, p and {-^) _r, of the two kinds of particles in dispersion. 
For wide particle size distributions, the effects of the mixture of two kinds of particles 
on the plots of In ( gl^l^^i (t) I as a function of delay time r are investigated continually. 

The values of In ( gj (r) j , In ( ^g (''") ) ^-i^d In ( g\J^i (t) j were produced using (Rg) and 
a 20 nm, 4 nm and 40 nm, 8 nm, respectively. As exploring the narrow particle size 
distributions, the simple situation a = 1 is investigated first. All results are shown in 
Figs. 3a and 3b for scattering angles 30° and 90°, respectively. Figure 3 shows that 
the plots of In I g^^l^i (t) J as a function of delay time r are deviated from a line and 



the values almost are determined by the kind of particles with the larger mean static 
radius. Comparing to the plots of In ( (7} ' (r) J and In ( (72 (''") I ) the nonexponentiality 

of 5toL (^) is large. 

Figure 3 shows the same results as Fig. 1 that the values of g^^l^^i (t) almost are 
determined by the kind of particles with the larger mean static radius. In order to 
investigate the general situation that the two kinds of particles are mixed, the values of 
In ig\J^i (t) j were calculated under the conditions a = 5, 10, respectively. The results 
for a = 1, 5 and 10 are shown in Figs. 4a and 4b for scattering angles 30° and 90°, 
respectively. The results reveal the same situation as the particles with narrow particle 
size distribution that the larger the value of a, the larger the deviations between a line 
and plots of In I g^^l^^i (t) J as a function of delay time r. Comparing to Fig. 3, the values 

of In I g^^l^i (t) j obviously affected by the relative scattered light intensity or c, p and 
i'S^) -a of the two kinds of particles. 

When the mean static radius is large enough, it is possible that the scattered intensity 
of the kind of particles with the smaller mean static radius is larger than that of the 
other at some scattering angles and smaller than that of the other at other scattering 
angles. As was discussed above, the values of In ( glJ^^^i (r) j are influenced greatly by 
the relative scattered light intensity of the two kinds of particles. It is possible that the 
relationships among the plots of In [gU^i (t) j , In (g\ {t)j and In (5(2 (t) ) at different 
scattering angles can show the characteristic that the relative scattered light intensity 



of the two kinds of particles changes as a function of scattering angle. The plots of 
In ( g'} (r) J , In f 5^2 (t") ) and In ( (7jJ„^ (t) J produced using (Rg) and a 120 nm, 6 nm 
and 200 nm, 10 nm at scattering angles 30° and 90° are used to explore the effects of the 
change of the relative scattered light intensity on g^J^^i (r). The simple situation a = 1 
is investigated first. The results for scattering angles 30° and 90° are shown in Figs. 5a 
and 5b, respectively. 

Figure 5 shows that the mixture of the two kinds of particles do not cause a large de- 
viation between a line and plots of In I g^^l^i (t) J . Comparing to Figs, lb and 3b, the re- 
sults at a scattering angle of 90° show a different feature that the values of In I g^^l^i (t) I 
approximate that of In (^g^^' (r)) of the kind of particles with the smaller mean static 
radius. It agrees with the fact that most of scattered light comes from the kind of parti- 
cles with the smaller mean static radius at a scattering angle of 90° under the condition 
a = 1. Next, considering the characteristics of Fig. 5, for the mixture of the two kinds 
of particles a was chosen as 1, 5 and 10 at a scattering angle of 30° to increase the light 
intensity scattered by the particles with the smaller mean static radius and 1, 0.2 and 
0.1 at a scattering angle of 90° to decrease the light intensity scattered by the particles 
with the smaller mean static radius. The values of In [g\^lg^i (t) ) at scattering angles 
30° and 90° are shown in Figs. 6a and 6b, respectively. Comparing to Fig. 5, Fig. 
6 reveals that the values of In ( (7j J„; (r) j are influenced greatly by the values of the 
relative scattered intensity of the two kinds of particles. 

For wide particle size distributions, for example a/ (Rg) = 20%, the plots of In ( g[ (r) 

In ( 512 (t) ) and In I g^^l^i (t) I as a function of delay time r were explored further. The 

results of In ( (7} (r) j , In ( (72 (''") ) and In [g\Jg^i (t) j produced using (Rg) and a 120 
nm, 24 nm and 200 nm, 40 nm at scattering angles 30° and 90° are shown in Figs. 7a 
and 7b, respectively. Figure 7 shows the same feature as Fig. 5. At a scattering angle of 
30° the values of In ( g\^lg^i (r) j almost are determined by the kind of particles with the 
larger mean static radius and at a scattering angle of 90° the values approximate that 
of In (^g^^' (r)) of the kind of particles with the smaller mean static radius. Meanwhile 
Fig. 7 also reveals that many reasons can cause the deviation between a line and plots 
of In (^g^^' (r)) . Due to the deviations that cause by the mixture of the two kinds of 
particles or the particle size distribution and scattering angle cannot be distinguished, 
it is impossible to infer the size distribution of particles if other information about the 
particles in dispersion are unknown at a single scattering angle. 

The effects that the different mixtures of the two kinds of particles in dispersion 
for the wide size distribution are investigated continually. As exploring the narrow 
particle size distribution, the values of a still were chosen as 1, 5 and 10 at a scattering 
angle of 30° to increase the light intensity scattered by the particles with the smaller 
mean static radius and 1, 0.2 and 0.1 at a scattering angle of 90° to decrease the 
light intensity scattered by the particles with the smaller mean static radius. The 
values of In ( g^^lg^i (t) I at scattering angles 30° and 90° are shown in Figs. 8a and 8b, 

respectively. Comparing to Fig. 7, Fig. 8 reveals that the values of In ( g^^l^i (t) I are 



greatly influenced by the different mixtures of the two kinds of particles in dispersion. 

4 CONCLUSION 

The nonexponentiality of g^^l^^i (t) is not only determined by the particle size distribu- 
tion and scattering angle but also greatly influenced by the relationship between the 
concentrations c, mass densities p and the values that the refractive index of the ma- 
terial expands as a function of the concentration {-^) ,_r, of the two kinds of particles 
in dispersion. Under some conditions, the plots of In ( g^^l^i (t) J as a function of delay 



time r are consistent with a line and the mixture of the two kinds of particles do not 
causes the nonexponentiality of g^^l^^i (t). At a single scattering angle, the mixture of 
the two kinds of particles or the size distribution of one kind of particles can makes the 
deviations between an exponentiality and g^^' (r), and the nonexponentiality of g^^' (r) 
are influenced greatly by the different mixtures of the two kinds of particles. Without 
other information about the particles in dispersion, it is impossible to infer the size 
distribution of particles accurately only based on g^^' (r) at a single scattering angle. 
Fig. 1. The differences between the lines and plots of In ( gl-^l^^i (t) J , In ( (7} (r) J and 

In I ^2 (t) ) as a function of the delay time r. The symbols show the calculated values 
obtained using Eqs. ^ and [51 and the lines show the linear fitting to the calculated 
data respectively. The results for the calculated data at scattering angles 30° and ° are 
shown in a and b, respectively. 

Fig. 2. The differences between the lines and plots of In [gUni (t) ) obtained under 
a=l, 5 and 10 as a function of the delay time r. The symbols show the calculated values 
obtained using Eq. ^and the lines show the linear fitting to the calculated data during 
a delay time range respectively. The results for the calculated data at scattering angles 
30° and 90° are shown in a and b, respectively. 

Fig. 3. The differences between the lines and plots of In I g]-^l^i (t) J , In I (^^ (r) J and 



In ( g'2 (''") I as a function of the delay time r. The symbols show the calculated values 
obtained using Eqs. Ql^andEl and the lines show the linear fitting to the calculated 
data during a delay time range, respectively. The results for the calculated data at 
scattering angles 30° and 90° are shown in a and b, respectively 

Fig. 4. The plots of In [gU^i (t) j obtained under a=l, 5 and 10 as a function of the 



delay time r. The symbols show the calculated values obtained using Eq. Q respectively. 
The results for the calculated data at scattering angles 30° and 90° are shown in a and 
b, respectively. 

Fig. 5. The differences between the lines and plots of In ( g^^l^i (t) ) , In ( (7^ (r) J and 

In ( ^2 (''") ) as a function of the delay time r. The symbols show the calculated values 
obtained using Eqs. l^andEl and the lines show the linear fitting to the calculated 
data respectively. The results for the calculated data at scattering angles 30° and 90° 
are shown in a and b, respectively. 

Fig. 6. The differences between the lines and plots of In f^U^j (t) J obtained under 



a=l, 5 and 10 at a scattering angle of 30° and 1, 0.2 and 0.1 at a scattering angle of 
90° as a function of the delay time r. The symbols show the calculated values obtained 
using Eq. ^ and the lines show the linear fitting to the calculated data during a delay 
time range respectively. The results for the calculated data at scattering angles 30° and 
90° are shown in a and b, respectively. 

Fig. 7. The differences between the lines and plots of In ( gU^i (t) j , In igi (t)] 

and In I (72 (''") ) as a function of the delay time r. The symbols show the calculated 
values obtained using Eqs. ^ |1] and [3 and the lines show the linear fitting to the 
calculated data during a delay time range respectively. The results for the calculated 
data at scattering angles 30° and 90° are shown in a and b, respectively. 

Fig. 8. The plots of In iglJ^^i (t) j obtained under a=l, 5 and 10 at a scattering 
angle of 30° and 1, 0.2 and 0.1 at a scattering angle of 90° as a function of the delay 
time r. The symbols show the calculated values obtained using Eq. ^ respectively. The 
results for the calculated data at scattering angles 30° and 90° are shown in a and b, 
respectively. 
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